We study a left-right symmetric model which contains only elementary gauge boson and fermion fields and no scalars. The phenomenologically required symmetry breaking emerges dynamically leading to a composite Higgs sector with a renormalizable effective Lagrangian. We discuss the pattern of symmetry breaking and phenomenological consequences of this scenario. It is shown that a viable top quark mass can be achieved for the ratio of the VEVs of the bi-doublet tan β ≡ κ/κ ′ ≃ 1.3-4. For a theoretically plausible choice of the parameters the right-handed scale can be as low as ∼ 20 T eV ; in this case one expects several intermediate and low-scale scalars in addition to the Standard Model Higgs boson. These may lead to observable lepton flavour violation effects including µ → eγ decay with the rate close to its present experimental upper bound.
Introduction
Left-right symmetric extensions [1, 2, 3] of the Standard Model are very attractive. In this class of models parity is unbroken at high energies and its non-conservation at low energies occurs through a spontaneous symmetry breakdown mechanism. In addition, it is remarkable how the known fermions fit very economically and symmetrically into representations of the underlying gauge group SU(2) L × SU(2) R × U(1) B−L . For phenomenological reasons the SU(2) R × U(1) B−L symmetry must first be broken above a few T eV to U(1) Y and in a second step the left-over Standard Model gauge group SU(2) L × U(1) Y is broken as usual to U(1) em . In conventional left-right (LR) models this desired symmetry breaking sequence is realized in analogy to the Standard Model with the help of scalar particles and the Higgs mechanism. Therefore suitable scalars are introduced and a renormalizable potential with the required vacuum expectation values (VEV's) is chosen. But like in the Standard Model it is desirable to motivate the existence of such scalars by either adding supersymmetry 1 or to view the Higgs sector as an effective description of some dynamical symmetry breaking mechanism in analogy to superconductivity. We will pursue here the second possibility since the combination of the correct dynamical LR symmetry breaking sequence with the usual nice features of LR models appears especially attractive. Composite Higgs scenarios are moreover more economical and explain nicely why certain Yukawa couplings are of order unity and how Higgs and fermion masses are related. However, a phenomenologically acceptable scenario is not easy to construct and there exist only a few attempts in the literature [5] which try to break the left-right symmetry dynamically in a phenomenologically acceptable way.
The model which is developed in this paper is to our knowledge the first complete and successful attempt of this kind which does not just assume that the left-right breaking dynamics will work correctly. The underlying Lagrangian is essentially a left-right symmetric generalization of the BHL model of top condensation [6] which will be invariant under local SU(2) L ×SU(2) R ×U(1) B−L transformations. The emerging symmetry breaking pattern can be understood as a sequence of two steps. First a hybrid bi-fermion condensate in the lepton sector (equivalent to a Higgs doublet of SU(2) R ) breaks the SU(2) R × U(1) B−L → U(1) Y symmetry and the three Goldstone Bosons are eaten resulting in right-handed gauge boson masses. After this dynamical SU(2) R × U(1) B−L → U(1) Y breaking, a Dirac condensate for the top quark breaks in a second step the gauged SU(2) L × U(1) Y symmetry corresponding to a dynamical SU(2) L × U(1) Y → U(1) em breaking. We will establish that this is the preferred symmetry breaking sequence of our model by calculating the effective potential in analogy to the techniques used in the top-condensate approach to the Standard Model [6, 7, 8, 9] .
The dynamics of our model will lead to composite Higgs bosons which are responsible for the symmetry breaking in the language of the effective Lagrangian. We show that, unlike in conventional LR models, whether or not parity is spontaneously broken depends just on the fermion content of the initial Lagrangian and not on the choice of parameters of the Higgs potential. Predictions are obtained for masses of the Higgs bosons in terms of fermion masses and in addition certain relations between the masses of scalars are found.
The model predicts intermediate-scale Higgs scalars (with their masses being one or two orders of magnitude lower than the parity-breaking scale) which are the pseudo-Goldstone Bosons of an accidental global SU(4) symmetry of the effective Higgs potential. It is shown that parity breakdown at a right-handed scale propagates down and eventually causes the electro-weak symmetry breakdown at a lower (electro-weak) scale, i.e. a tumbling scenario of symmetry breaking is operative.
In Section I we start with reviewing some basic features of the top-condensate approach and conventional LR models. Further, we discuss a dynamical LR-symmetry breaking model with the usual fermion content which features composite triplet scalars (i.e. reproduces the LR model with the presently most popular Higgs boson content [3] ) and analyze its shortcomings. In Section II we present our model which contains a new singlet fermion and leads to composite Higgs doublets and a Higgs singlet. For this model we discuss the fourfermion terms which are responsible for the dynamical symmetry breakdown. Section III contains results for the effective potential in bubble approximation and in Section IV we present our predictions in this approximation. In the following Section V we obtain and discuss the renormalization group improved predictions, especially for the top quark mass. Section VI contains some phenomenological considerations and in Section VII we give our conclusions. Technical details of our calculations are given in the Appendices.
I Preliminary Considerations

I.1 The BHL Model of Electro-Weak Symmetry Breaking
Let us briefly recall some features of the top-condensate approach [6, 7, 8, 9 ] following the BHL model [6] . The model Lagrangian consists of kinetic terms for fermions and gauge fields plus attractive four-fermion (4-f) interactions:
where Q L is the third-generation quark doublet. For large enough G symmetry breaking occurs and can e.g. be studied in the NJL approximation 2 [10, 11] , i.e. in leading order of a large-N c expansion with a cutoff Λ. In the auxiliary field formalism eq. (I.1) can be rewritten in terms of a static, non-propagating, scalar doublet ϕ := −Gt R Q L of mass G 
Due to the dynamics of the original model further terms (including kinetic terms) emerge in the effective Lagrangian at low energy scales µ after one integrates out the degrees of freedom with energies between µ and Λ. For large cutoff Λ only renormalizable terms are allowed such that we obtain
(I.3) 2 We use the well known term NJL throughout this paper even though the work of Vaks and Larkin was received and published first.
Note that symmetry breaking occurs when δM 2 > G −1 which is achieved for G > G crit . We can immediately read off those conditions which express the composite nature of the effective scalar Lagrangian: Z ϕ µ 2 →Λ 2 −→ 0, δM 2 µ 2 →Λ 2 −→ 0, and δλ µ 2 →Λ 2 −→ 0. This expresses simply the fact that all dynamical effects must disappear as µ approaches the scale Λ. In addition we have the normalization conditions δg t µ 2 →Λ 2 −→ 0 and δL kinetic µ 2 →Λ 2 −→ 0. We can now use the freedom to rescale the scalar field ϕ by defining ϕ := ϕ/ Z ϕ such that the Lagrangian becomes
Here we introducedλ t (µ 2 ) = 0 , lim
where Λ corresponds to the high energy cutoff of the BHL-model.
The vanishing of the kinetic term of the composite Higgs field is thus equivalent to a Landau singularity of the running Yukawa couplingĝ t . The compositeness conditions eq. (I.5) can therefore be translated into boundary conditions of the renormalization group flow at Λ. Since the effective Lagrangian is identical to that of the Standard Model one can employ the usual one-loop β-functions [13] . The running top Yukawa coupling indeed develops the desired Landau pole above a top mass value of 197 GeV , and as m t is increased the Landau pole moves to lower scales. If the above compositeness conditionĝ t → ∞ is imposed on the full renormalization group equations at e.g. Λ = 10
15 GeV , then one finds m t = 227 GeV . For the above Λ already the analysis with one-loop β-functions turns out to be rather reliable since running down from the Landau pole one ends up in the attractive infrared quasi-fixed point [14] 4 .
Note that the solutions of the renormalization group equations in a limit corresponding to the fermionic bubble approximation also satisfy the compositeness conditions. However in this limit one finds with Λ = 10
15 GeV a much lower top quark mass, m t = 164 GeV . Thus QCD and electro-weak corrections play a non-negligible role in the precise mass predictions. This demonstrates that the β-functions of the full effective Lagrangian are superior to those derived in bubble approximation.
Finally we have to comment on the cutoff Λ regulating loop effects of the BHL model. We imagine that such a cutoff is motivated by new physics which is not specified in detail. In the case of the BHL model theories have been constructed where some new gauge interactions with heavy gauge bosons with masses M x ∼ Λ motivate the cutoff [16, 17, 18, 19] . Then, by integrating out heavy bosons, four-fermion terms as in eq. (I.1) with effective couplings G ∼ 1/M
I.2 Left-right symmetric models
We will perform steps similar to those described above in LR symmetric models. In order to remind the reader of the main features of LR symmetry and to introduce the notation, we first describe conventional LR model building before we discuss our scenario.
In LR symmetric models based on the gauge group [1, 2, 3] quarks and leptons of each generation are symmetrically placed into the doublet representations of SU(2) L and SU(2) R . We will deal only with the third generation of quarks and leptons for which the assignment is
The usual Dirac masses of the fermions are generated by the VEV of a bi-doublet Higgs scalar φ:
However, to arrive at the phenomenologically required symmetry breaking pattern
, one needs additional Higgs multiplets. The simplest possibility is to add two doublets [1, 2] :
Then SU(2) R is broken at the right-handed scale M R by χ 0 R = v R , and the electro-weak symmetry is broken by the VEVs of φ and possibly of χ 0 L (≡ v L ). In fact, χ L is not necessary for the above symmetry breakdown pattern; it is usually introduced to ensure the discrete parity symmetry under which
It has been shown [20] that even if the Higgs potential is exactly symmetric with respect to the discrete parity transformation, the vacuum of the model may prefer v R ≫ v L . This would give a very elegant explanation of parity violation at low energies as being the result of spontaneous symmetry breakdown.
The doublets χ L and χ R are singlets of either SU(2) R or SU(2) L and so cannot interact in a renormalizable way with the usual quarks and leptons. This means that neutrinos are Dirac particles and get their masses in the same way as the other fermions. It is therefore very difficult to understand the smallness of their masses -one needs an extreme fine tuning of the corresponding Yukawa couplings. An attractive solution of this problem was suggested in Ref. [3] where two Higgs triplets ∆ L ∼ (1, 3, 1, 2) and ∆ R ∼ (1, 1, 3, 2) were introduced instead of the doublets χ L and χ R . Leptons can interact with the Higgs triplets through the Majorana-like Yukawa coupling
where C is the charge conjugation matrix. In this model neutrinos are Majorana particles, and the seesaw mechanism [21] is operative. This mechanism provides a very natural explanation of the smallness of the usual neutrino masses, relating it to the fact that the right-handed scale is much higher than the electro-weak scale. In other words, parity nonconservation at low energies and the smallness of neutrino masses have a common origin in this model.
I.3 Dynamical Symmetry Breaking for the Triplet Model
We now assume, following the approach of Refs. [6, 7, 8, 9 ] to the Standard Model, that the low-energy (µ < Λ) degrees of freedom of our LR model are just fermions and gauge bosons, with no fundamental Higgs fields being present. Therefore the Lagrangian contains only the usual kinetic terms for all gauge fields and fermions. In addition we postulate in a first step the following set of gauge-invariant 4-f interactions to be present at low energies:
In analogy to the BHL model the G a are dimensionful 4-f couplings of the order of Λ −2 motivated by some new physics at the high energy scale Λ. The indices i and j refer to isospin and it is implied that the colour indices of quarks are summed over within each bracket. Note that the above interactions are not only gauge invariant, but also (for hermitean G 2 , G 4 , G 5 and G 6 ) symmetric with respect to the discrete parity operation (I.9). However, it should be emphasized that the 4-f interactions of eqs. (I.12) and (I.13) do not constitute the most general set of the gauge-and parity-invariant 4-f interactions. We left out undesirable terms which, if critical, would produce electrically charged or coloured condensates. We simply assume that the new physics responsible for the effective 4-f couplings does not produce such terms.
We will use the above Lagrangian and later modifications thereof to break the LR symmetry dynamically. We assume that the heaviest (i.e. the third generation) quarks and leptons play a special role in the symmetry breaking dynamics and so confine ourselves to the discussion of the third generation. In this limit only the third-generation fermions are massive while all the light fermions are considered to be massless. This seems to be a good starting point from where light fermion masses could, e.g., be generated radiatively.
One might expect that, just as in the NJL model or in [6] , for strong enough ("critical") G a the LR symmetry will be dynamically broken and the correct pattern of the LR symmetry breakdown will emerge. However, as we shall see, the situation with the LR model is more complicated.
One way to explore the symmetry breaking in the model and to study the composite Higgs scalars is to consider the four-point Green functions generated by the 4-f couplings of equations (I.12) and (I.13) and study their poles corresponding to the two-particle bound states. This can be done analytically in fermion bubble approximation in which the exact solution can be obtained [6, 10, 11] . The scale Λ plays again the role of a natural cutoff for the divergent diagrams. An alternative approach is to rewrite the 4-f structure in terms of static auxiliary fields (see equations (I.1), (I.2) and Appendix A for details). These static auxiliary fields can acquire gauge invariant kinetic terms and become physical propagating scalar fields.
Loosely speaking, the auxiliary scalars are defined as the square roots of the original 4-f operators. Therefore the 4-f structure of eq. (I.12) can generate the composite bi-doublet Higgs field φ which (for small lepton 4-f couplings) has the structure
while the 4-f terms of equation (I.13) give rise to the composite triplet scalars,
Note that while the VEVs of φ are particle-antiparticle condensates, the VEVs of ∆ L and ∆ R are Majorana-like particle-particle condensates 6 .
The model based on the 4-f couplings of eqs. (I.12) and (I.13) has thus all the necessary ingredients to produce the composite Higgs fields φ, ∆ L and ∆ R . However, as we shall shortly see, it does not lead to the correct pattern of LR symmetry breakdown.
For parity to be spontaneously broken, one needs ∆ R > ∆ L . One can readily make sure that this can only be satisfied provided λ 2 > λ 1 where λ 1 and λ 2 are the coefficients of
quartic couplings in the Higgs potential [20] . In the conventional approach, λ 1 and λ 2 are free parameters and one can always choose λ 2 > λ 1 . On the contrary, in the composite Higgs approach based on a certain set of effective 4-f couplings, the parameters of the effective Higgs potential are not arbitrary: they are all calculable in terms of the 4-f couplings G a and the scale of new physics Λ [6] . In particular, in fermion bubble approximation at one loop level the quartic couplings λ 1 and λ 2 are induced through the Yukawa couplings of eq. (I.10) and are given by the diagrams of Fig. 1 . It can be seen from Fig. 1b that to induce the λ 2 term one needs the Ψ L -Ψ R mixing in the fermion line in the loop, i.e. the lepton Dirac mass term insertions. However, the Dirac mass terms are generated by the VEVs of the bi-doublet φ; they are absent at the parity breaking scale which is supposed to be higher than the electro-weak scale. Even if parity and electro-weak symmetry are broken simultaneously (which is hardly a phenomenologically (Fig. 1a) and λ 2 (Fig. 1b) for Higgs triplets.
viable scenario), this would not save the situation since the diagram of Fig. 1b is finite whereas the one of Fig. 1a is logarithmically divergent and so the inequality λ 2 > λ 1 cannot be satisfied. We also checked that using the full one-loop Coleman-Weinberg [23] effective potential instead of the truncated one which includes up to the quartic terms in the fields does not save the situation. Therefore we will consider a model with a different composite Higgs content. As we have mentioned, the simplest model includes two doublets, χ L and χ R , instead of the triplets ∆ L and ∆ R . The question is whether it is possible to get the correct pattern of dynamical symmetry breakdown in this model. As we shall see, this is really the case.
II The Model
We will now consider the original version of the LR symmetric model with a bi-doublet φ and two doublets χ L and χ R , as defined in eqs. (I.7) and (I.8). In conventional LR models one can have the doublet Higgs bosons without introducing any other new particles. In our model, however, χ L and χ R are composite and cannot be built from the standard fermions. We therefore assume that in addition to the usual quark and lepton doublets of eq. (I.6) there is a gauge-singlet fermion
To maintain discrete parity symmetry one needs a right-handed counterpart of S L . This can be either another particle,
The latter choice is more economical and, as we shall see, leads to the desired symmetry breaking pattern. We therefore assume that under parity operation
With the singlet fermion S L our interaction Lagrangian becomes
and contains now in addition to (I.12) the following term
which is now supposed to substitute for L int2 of eq. (I.13) since we no longer want the triplet Higgses to be present in the model. The composite Higgs scalars induced by the 4-f couplings of eq. (II.4) are the doublets χ L and χ R and in addition a singlet σ:
Using the Yukawa couplings of the doublets χ L and χ R (see eq. (II.6) below), one can now calculate the fermion-loop contributions to the quartic couplings
in the effective Higgs potential (Fig. 2) . The λ 1 and λ 2 terms are now (Fig. 2a ) and λ 2 (Fig. 2b) for the Higgs doublets χ L/R .
given by similar diagrams. Since the Yukawa couplings of χ L and χ R coincide (which is just the consequence of the discrete parity symmetry), Figs. 2a and 2b yield λ 1 = λ 2 . Recall that one needs λ 2 > λ 1 for spontaneous parity breakdown. As we shall see, taking into account the gauge-boson loop contributions to λ 1 and λ 2 shown in Fig. 3 will automatically secure this relation.
which is also gauge invariant and parity-symmetric. One possible motivation for not considering such terms is that if one imagines the new physics responsible for the 4-f terms as being related to some new vector boson exchange [16, 17, 18, 19] , such terms are never induced. Here we just assume that there is a global symmetry which precludes these terms. For example, this could be a global U(1) symmetry under which S L has the charge +1, the rest of fermions being neutral [χ L , χ R and σ will have the charges +1, −1 and −2 according to (II.5)]. This will forbid the (S
2 terms and also the bare mass term for S L which is allowed otherwise by the gauge symmetry, since S L is a gauge-singlet fermion. Now we will switch to the auxiliary field formalism, in which the scalars χ L , χ R , φ and σ have the following bare mass terms and Yukawa couplings:
Here the field φ ≡ τ 2 φ * τ 2 has the same quantum numbers as φ: φ ∼ (1, 2 In what follows we use the freedom of rescaling the scalar fields to choose M 1 = M 3 = M 0 . At low energies (E < Λ) the scalar fields will acquire gauge-invariant kinetic terms, quartic couplings and renormalized mass terms through radiative corrections. This means that the auxiliary fields may become physical propagating fields, and their squared mass terms may become negative at some low energy scale, leading to non-vanishing VEVs of the composite scalars, i.e. to fermion condensates [6] .
From eq. (II.6) one can readily find the fermion masses. The masses of the quarks and charged leptons and the Dirac neutrino mass m D are given by the VEVs of the bi-doublet (we assume all the VEVs to be real):
We already mentioned that LR models with only doublet Higgs scalars usually suffer from the large neutrino mass problem. It turns out that introducing the singlet fermion S L not only provides the spontaneous parity breaking in our model, but also cures the neutrino mass problem. In fact, as it was first noticed in [24] , with an additional singlet neutral fermion S L the neutrino mass matrix takes the form (in the basis
where the entries β, M and µ can be read off from eq. (II.6): 2 ) − 2βm D /M which vanishes in the limit M → ∞. This is the modified seesaw mechanism which provides the smallness of the neutrino mass.
III The Effective Potential in Bubble Approximation
In the auxiliary field formalism we can now study the dynamical symmetry breaking by calculating the effective potential. The effective mass terms and wave-function renormalization constants can be obtained from the 2-point scalar Green functions (Fig. 4) , whereas the quartic terms are given by the 4-point functions (Fig. 5 ). Higher-order terms are finite in the limit Λ → ∞ and therefore relatively unimportant. A convenient way to calculate the potential parameters which automatically takes care of the numerous combinatorial factors in the diagrams of Figs. 4 and Fig. 5 is to calculate the full one-loop Coleman-Weinberg effective potential of the system and then to truncate this potential so as to keep only the terms up to and including quartic ones in the scalar fields. To derive the low energy effective Lagrangian we introduce an infrared cutoff µ in the loop integrals. This procedure and its physical meaning are discussed in Appendix B.
III.1 Spontaneous Parity Breaking
As we have already emphasized, stability of the vacuum with v L = v R requires λ 2 > λ 1 . While at fermion loop level we have λ 2 = λ 1 , we will see that the gauge boson loop contributions will automatically secure the relation λ 2 > λ 1 . Both λ 1 and λ 2 obtain corrections from U (1) minus sign compared to those from the fermion loops, one finds λ 2 > λ 1 irrespective of the values of the Yukawa or gauge couplings or any other parameter of the model, provided that the SU(2) gauge coupling g 2 = 0 [compare the expressions for λ 1 and λ 2 in (B.9)]. Thus the condition for spontaneous parity breaking is automatically satisfied in our model.
We have a very interesting situation here. In a model with composite triplets ∆ L and ∆ R parity is never broken, i.e. the model is not phenomenologically viable 7 . At the same time, in the model with two composite doublets χ L and χ R instead of two triplets (which requires introduction of an additional singlet fermion S L ) parity is broken automatically. This means that, unlike in the conventional LR models, in the composite Higgs approach whether or not parity can be spontaneously broken depends on the particle content of the model rather than on the choice of the parameters of the Higgs potential.
III.2 Effective mass parameters
Let us now study the symmetry breaking in the model in detail. The gauge and parity symmetries can only be broken if the relevant squared mass terms in the effective potential become negative. These terms are given by the sums of the bare mass terms and the one-loop corrections coming from the diagrams of Fig 
where Y 2 and l 0 are defined as 
III.3 Pattern of symmetry breaking
In order to determine the vacuum structure in our model, let us first consider the extremum conditions for the effective potential V , i.e. the conditions that the first derivatives of V eff with respect to the VEVs of the scalar fields σ 0 , v R , v L , κ and κ ′ vanish: 
which is the analog of the "VEV seesaw" relation of Ref. [3] . Above the scale at which the bi-doublet develops non-vanishing VEVs m D = 0 and hence either v L or v R is zero (or both).
We assume that the scale µ R at which parity gets spontaneously broken (i.e. χ 0 R develops a VEV) is higher than the electro-weak scale µ EW ∼ 100 GeV , i.e. that M 2 0 changes its sign at a higher scale than M should be bigger than the combination
(III. 19) At scales µ > µ EW the VEVs of the bi-doublet are zero and it is sufficient to consider eqs. (III.13) and (III.14). It follows from eqs. (III.15) and (III.18) that v L can be consistently set equal to zero in this energy range.
Let us now consider eqs. (III.13) and (III.14) with κ = κ ′ = m D = 0. We have now essentially two possibilities. Either , i.e. χ R will develop a VEV earlier than σ. It is easy to see that in fact σ will never develop a VEV in this case. Indeed, solving (III.14) for v R , substituting it into (III.13) and using eqs. (III.1) and (III.4) one can make sure that the combination M , which is the effective driving term for v R in eq. (III.14), never gets negative, i.e. v R = 0. Clearly this situation is phenomenologically unacceptable, and from now on we therefore assume that eq. (III.20) is satisfied, which means that we choose the 4-f couplings G 7 and G 8 accordingly.
We have demonstrated that above the electro-weak scale the VEVs of χ R and σ never coexist. The question remains whether below the electro-weak scale, when the VEVs of the bi-doublet φ come into play, σ and χ L can acquire non-vanishing VEVs. This cannot be answered by just studying the first derivative conditions (III.13) -(III.17). However, as we will show in Appendix D, the condition that the matrices of second derivatives of the effective potential with respect to the fields be positive definite (i.e. the vacuum stability condition) results in σ 0 = 0 = v L even when κ, κ ′ = 0. The only exception may be the situation when the inequality in eq. (III.20) becomes equality. We do not consider such a possibility since it requires an extreme fine-tuning of the Yukawa couplings.
Let us now consider the vacuum structure below the electro-weak breaking scale. The non-vanishing VEVs are v R , κ and κ ′ . Since m t ≫ m b , it follows from eq. (II.7) that κ should be much larger than κ ′ or vice versa provided no significant cancelation between Y 1 κ ′ and Y 2 κ occurs. This is also welcome because of the stringent upper limit on the W L − W R mixing [26] :
To further simplify the discussion at this point, we shall therefore make the frequently used assumption [27] κ ′ = 0 which does not change any symmetry properties of the model. The general case κ, κ ′ = 0 is discussed in section V and Appendix D. 
To estimate the magnitudes of these VEVs we rewrite them using eqs. (III.11) and (III.12):
where we have taken into account that λ 5 < 0 [see (B.9)]. From these equations one can find the scales µ 2 R and µ 2 EW at which parity and electro-weak symmetry get broken, i.e. the VEVs v 2 R and κ 2 become non-zero: 
which determine the masses of all the fermions and gauge bosons in the model:
Recall now that in conventional LR models with µ EW ≪ µ R ≪ Λ GU T (or Λ Planck ) one has to fine-tune two gauge hierarchies: Λ GU T -µ R and µ R -µ EW . We have a similar situation here: to achieve µ EW ≪ µ R ≪ Λ one has to fine-tune two Yukawa couplings, Y Thus, if there is no significant cancellation between the two terms in (III.31), one gets the right-handed scale of the order of a few T eV . Unfortunately, such a low LR scale scenario is not viable. As we shall show in Sec. IV, the squared masses of two Higgs bosons in our model become negative (i.e. the vacuum becomes unstable) unless v R ∼ > 20 T eV . This requires some cancelation in eq. (III.31) 9 , and then the right-handed scale v R ∼ µ R can in principle lie anywhere between a few tens of T eV and Λ. However, if one prefers "minimal cancelation" in eq. (III.31), by about two orders of magnitude or so, one would arrive at a value of v R around 20 T eV . It is interesting that the partial cancelation of the two terms in (III.31) implies µ . Thus we have a tumbling scenario where the breaking of parity and SU(2) R occurring at the scale µ R causes the breaking of the electro-weak symmetry at a lower scale µ EW . 9 Note that this does not increase the number of the parameters to be tuned but just shifts the value to which one of them should be adjusted.
IV Predictions in Bubble Approximation
We can now obtain the predictions for fermion and Higgs boson masses in bubble approximation. As we have mentioned before, the static Higgs fields acquire gauge-invariant kinetic terms at low energies through radiative corrections, and the corresponding wave function renormalization constants can be derived from the 2-point Green functions. Direct calculation yields
To extract physical observables one should first rescale the Higgs fields so as to absorb the relevant Z factors into the definitions of the scalar fields and bring their kinetic terms into the canonical form. This amounts to dividing the squared mass terms by the corresponding Z factors, Yukawa couplings by √ Z and multiplying the scalar fields and their VEVs by √ Z. Renormalization factors of the quartic couplings depend on the scalar fields involved and can be readily read off from the effective potential (see Appendix C for more details).
As we have already pointed out, the minimization of the effective Higgs potential gives σ 0 = 0 = v L . This reduces the neutrino mass matrix (II.8) to
Diagonalization of this matrix gives the following neutrino mass eigenstates and eigenvalues:
with the mixing angle
Thus, we have one massless left-handed neutrino ν 1 and two heavy Majorana neutrinos with degenerate masses M 2 + m 2 D and opposite CP -parities which combine to form a heavy Dirac neutrino. Since m D ≪ M the electro-weak eigenstate ν L ≡ ν τ is predominantly the massless eigenstate whereas the right-handed neutrino ν R and the singlet fermion S L consist predominantly of the heavy eigenstates.
The gauge boson masses for our symmetry breaking scenario can be found in Appendix B. For v R ≫ κ, κ ′ ≫ v L , which implies strong parity violation at low energies and small LRmixing, the masses reduce to
where the "hats" denote renormalized quantities. The usual VEV of the Standard Model should be identified with (κ
IV.1 Relations between the scalar VEVs and fermion masses for κ
We will now assume that κ ′ = 0 which will simplify the discussion considerably. The general case κ, κ ′ = 0 will be considered at the end of this section and in Sec. V. It was shown above that κ ′ = 0 requires Y 2 = 0 = Y 3 , which yields
Vanishing Dirac neutrino mass m D implies sin θ = 0, and the heavy neutrino mass is now
From eqs. (IV.8) and (IV.1) and the definition of the renormalized Yukawa couplings one can readily find
(IV.10)
This expression coincides with the one derived in bubble approximation by BHL [6] and we will see in Sec. V that this already corresponds to the renormalization group analysis in bubble approximation. Eq. (IV.10) gives the top quark mass in terms of the known electro-weak VEV and the scale of new physics Λ. For example, for Λ = 10 15 GeV one finds m t = 165 GeV . However, this result is limited to the bubble approximation, and the renormalization group improved result will be substantially higher. Note that m t ≈ 180 GeV , which is the central value of the Fermilab results [28, 29] , would meanŶ 1 ≈ 1, or
Similar considerations lead to the following relation between the right-handed VEVv R , heavy neutrino mass M and the scale Λ:
Note that µ ≈ m t is understood in eqs. (IV.10) and (IV.11), whereas µ ≈ M in eq. (IV.12). However, we assume m t , M ≪ Λ and M/m t ≪ Λ/M throughout this paper, therefore ln (IV.13)
The mass of the τ lepton is not predicted in our model since it is only weakly coupled to the bi-doublet; it is given by 14) and can be adjusted to a desirable value by choosing the proper magnitude of the ratio
IV.2 Higgs Boson Masses
The Higgs boson masses can be obtained either as the poles of the corresponding propagators or, in the auxiliary field approach, by diagonalizing the matrices of second derivatives of the effective Higgs potential. In either case it is essential to use the (non-trivially satisfied) gap equation to cancel the large bare mass term in order to obtain a small composite Higgs mass. For example in the first approach, the inverse propagators of the composite scalar fields have a generic form It is an accidental symmetry resulting from the gauge invariance and parity symmetry of the G 7 term. Note that no such symmetry occurs in conventional LR models.
We now present our results for the composite Higgs bosons for the case σ 0 = v L = κ ′ = 0. Further information and more general results are contained in Appendix D. We have the following Goldstone Bosons in our model 10 : 22) and the previously mentioned pseudo-Goldstone Bosons χ L :
with the masses
Note that the last expression for the mass of the neutral pseudo-Goldstone Bosons is proportional to λ 2 − λ 1 .
Altogether we have 4 physical charged scalars, 4 CP -even and 2 CP -odd physical neutral scalars. The mass of the scalar H 
In conventional LR models only one scalar, which is the analog of the Standard Model Higgs boson, is light (at the electro-weak scale), all the others have their masses of the order of the right-handed scale M [2, 3, 30] . In our case, the masses of those scalars are also proportional to M, but all of them except the mass of H 0 1 have some suppression factors. The masses of H 4 = χ L are suppressed because of their pseudo-Goldstone nature and vanish in the limit g 2 → 0, m τ → 0. In fact, though the SU(2) gauge coupling constant g 2 is smaller than the typical Yukawa constants in our model, it is not too small; taking the estimate of l 0 from eq. (IV.11), one arrives at M χ L ∼ 10 −1 M. ≈ 200 GeV we find M ∼ > 17 T eV . This is the lower bound on the right-handed scale that we mentioned 11 in Sec. III. 11 The current experimental lower bound on the Standard Model Higgs boson mass is only 60 GeV , which would yield M ∼ > 5 T eV . It is interesting to notice that the same lower limit M ∼ > 5 T eV would result from eq. (IV.24) and the experimental lower bound on the charged Higgs boson mass M ± > 45 GeV which follows from the LEP data. However, in our model the mass of the standard-model-like (composite) neutral Higgs boson must be at least of the order of the top quark mass, which yields the above-mentioned estimate M ∼ > 17 T eV . can be even lighter than the electro-weak Higgs boson. In fact, they can be as light as ∼ 60 GeV and so might be observable at LEP2.
The mass of the charged scalars H
Finally, we would like to comment on the approximation κ ′ = 0 which we used so far. Clearly, this is an oversimplification: In a realistic model with non-vanishing m b and m D both κ and κ ′ must be non-zero (note that the Yukawa couplings Y 2 and Y 3 will also be non-zero in this case). However, these masses are not predicted in our model and can merely be adjusted to desirable values. The Dirac neutrino mass m D is unknown and so remains a free parameter; however, it must be smaller than m τ in our model in order to satisfy the vacuum stability condition (Y In the next section we will obtain renormalization group improved predictions for the fermion masses and show that some interesting results (including a viable top quark mass) emerge for sizeable values of κ ′ , κ ′ ∼ κ.
V Renormalization Group Improved Predictions
In the preceding sections we studied our model and derived its predictions in bubble approximation, taking into account only fermion and SU(2) L × SU(2) R × U(1) B−L gauge boson loops. However, important corrections arise from QCD effects and loops with composite Higgs scalars. Following the approach of BHL [6] , we will incorporate these effects by solving the full one-loop renormalization group equations of the low energy effective LR-model with boundary conditions corresponding to compositeness.
These boundary conditions follow from the vanishing of the radiatively induced kinetic terms for the Higgs scalars at the scale Λ, where the composite particles break up into their constituents:
After rescaling the scalar fields so as to bring their kinetic terms into the canonical form (see Sec. IV and Appendix C), eqs. (V.1) result in boundary conditions for the Yukawa and quartic couplings of the low energy effective Lagrangian. These conditions are similar to those obtained by BHL [eq. (I.5)] and have the following generic form:
The renormalized parameters of our model derived in bubble approximation already satisfy these compositeness conditions; for example, the renormalized Yukawa couplings arê
(V.6)
Obviously they diverge as µ → Λ. Furthermore, their running coincides exactly with that described by the fermion loop contributions to one-loop β-functions of the corresponding LR-theory. These fermion loop contributions can be read off from the trace terms in eqs. (E.1)-(E.6) in Appendix E where the full set of gauge and Yukawa β-functions for our model is given.
The idea is now to identify the Landau poles in the full one-loop renormalization group evolution of couplings with the compositeness scale Λ and run the couplings down to low energy scales.
V.1 The case κ
We will first consider the simplified scenario with κ ′ = 0. The case κ ′ = 0 which leads to phenomenologically acceptable fermion masses will be discussed in the next subsection. In our one-generation scenario the renormalization group equations for the Yukawa couplings in the limit κ ′ = 0 (which requires
For large values of Y i the Y 3 i -contributions in the β-functions are dominant; they quickly drive the couplings down to values of order one as the scale µ decreases. In this regime gauge and other Yukawa coupling contributions become important, and the interplay of these contributions and Y 3 i terms result in so-called infrared quasi-fixed points [14] . Thus a large range of initial values of the Yukawa couplings at the cutoff is focused into a small range at low energies. The masses of the fermions will then be given implicitly by conditions of the kind Y (m) · V EV = m.
Strictly speaking it is not legitimate to evolve the Yukawa couplings with one-loop β-functions to their Landau poles, i.e. in the non-perturbative regime. However, it has been argued in [6] that this should not result in any significant errors since (1) the running time t = ln µ in the non-perturbative domain is only a few percent of the total running time and, more importantly, (2) the infrared quasi-fixed point structure of the renormalization group equations makes the predictions fairly insensitive to the detailed behavior of the solutions in the large Yukawa coupling domain. Lattice gauge theory has generally confirmed the reliability of perturbation theory in this fixed point analysis [31] .
Except for switching to the Standard Model renormalization group equations below the parity breaking scale the only relevant threshold effects in the evolution are due to the masses of the σ scalars. We have shown in bubble approximation that the VEVs of σ and χ R do not coexist; phenomenology then dictates the choice σ 0 = 0, v R = 0 which requires the 4-f coupling G 8 to be sub-critical, or at least satisfying the condition (III.20). We will assume that the same holds true beyond the bubble approximation (although we were unable to prove that) and consider σ to be non-propagating, or at least decoupled from the low-energy spectrum of the model. We will therefore switch off effects from propagating σ scalars directly at the cutoff by neglecting the contributions in square brackets of eqs. (V.9) and (V.10). In this limit the running of Y 6 does not influence the running of the other Yukawa couplings.
In numerical calculations a large number Y i (Λ) must be used as boundary condition for Yukawa couplings instead of infinity. Fortunately, the infrared quasi-fixed point structure of the renormalization group equation makes the solutions fairly insensitive to the actual values of Y i (Λ) provided that they are large enough [6, 14] . In fact, the infrared quasi-fixedpoint behavior sets in already for Y i (Λ) ∼ > 5. In our calculations we have chosen Y 5 (Λ) = 10; taking e.g. 10 3 instead of 10 results only in a correction of about 0.4% in the low-energy value of Y 5 . The fermion-loop results of eqs. (V.3)-(V.6) imply a fixed ratio between the running coupling constants which one could, as a first approximation, also impose as the boundary condition at the cutoff for the full renormalization group evolution, e.g. Y 1 (Λ) = 3 Y 5 (Λ) = 30. Fortunately, once again, the numerical results depend very weakly on this scaling factor, and for this purpose it could just as well be taken to be unity. coming from the self energy diagram with a φ + 2 scalar exchange. Since the mass of φ + 2 is not of the order of the right-handed scale but is suppressed by a factor ≈ 10 −2 we switch to the Standard Model β-functions two orders of magnitude below the parity breaking scale µ R .
In Fig. 7 we present our numerical solutions for Y 1 (µ) for various values of Λ and µ R . One can clearly see the infrared quasi-fixed point structure of the solutions. The values of Y 1 at t = 0 (µ = m Z ) are to some extent sensitive to the magnitude of the cutoff but fairly insensitive to the scale where parity breaks. This is because in fact the previously mentioned contribution to the Y 1 β-function from the φ in the LR symmetric model with a bi-doublet. For the same reason our top quark mass prediction in the κ ′ = 0 case is very similar to the one of the BHL model [6] , which is too high compared to the recent experimental results [28, 29] . We also conclude that the renormalization group analysis for the minimal left-right symmetric model in Ref. [32] , which predicted a lower top quark mass, is wrong due to the incorrect trace terms in the β-functions. Even for a rather high cutoff Λ ≈ 10 17 GeV one obtains a top quark mass about 229 GeV .
The evolution of the Yukawa coupling Y 4 which determines m τ is not governed by a fixed point; the reason for this is that the τ lepton is too light and so does not contribute much to the composite Higgs bi-doublet, which is driven by large Y 1 and not by Y 4 . In other words, our model exhibits a top condensate (along with a heavy-neutrino condensate) rather than a tau condensate. One can readily obtain a suitable low-energy value of Y 4 by choosing a proper value of Y 4 (Λ) (see Fig. 8 ). Thus, as we already mentioned in Sec. IV, although m τ is not predicted in our model, it can be easily adjusted to the correct value. V.2 The general case κ, κ
In the preceding discussion we assumed for simplicity that only one of the two neutral components of the bi-doublet φ acquires a VEV (κ = 0, κ ′ = 0). Apparently the resulting fixed-point value of the top quark Yukawa coupling is in this limit outside the phenomenologically acceptable region [28, 29] , and moreover the assumption κ ′ = 0 implies a zero bottom quark mass. Evidently a more realistic scenario with m b = 0 would require either κ ′ = 0 or Y 2 = 0. In conventional LR models these two conditions are unrelated and can be satisfied separately, but in our model Y 2 = 0 automatically means κ ′ = 0 and vice versa. In this subsection we will show that it is indeed possible to obtain viable top and bottom quark masses for a range of values of κ ′ ∼ κ. remains. On the other hand, to obtain m t ≫ m b for κ ∼ κ ′ one requires the condition
to be satisfied. From eq. (V.12) it is seen that the ratio of κ ′ /κ is determined by the low energy values of Y 3 and Y 4 . Since these values are not governed by infrared quasi-fixed points and depend on the boundary conditions at the cutoff, the ratio
is a free parameter in our model. Unfortunately, the renormalization group evolution of the Yukawa couplings does not automatically yield an infrared value of Y 2 /Y 1 satisfying eq. (V.13) as a result of, e.g., an attractive fixed point. However, this ratio runs fairly slowly and by choosing its initial value appropriately one can always obtain the desirable value at low energies.
One can now study the renormalization group evolution of the full set of Yukawa couplings. It turns out that the combination Y Imposing the relation (V.13) we find those values of tan β which result in viable top quark masses, depending on the values of the cutoff Λ and the right-handed scale µ R . This is in fact similar to supersymmetric or 2-Higgs doublet models in which the top mass depends on tan β which is essentially a free parameter. In Fig. 9 we show our results for tan β assuming a top mass of m t = 180 GeV . One observes that a viable top mass can be obtained for a large range of possible values of the cutoff and for various parity breaking scales. This is in contrast with the top condensate approach to the Standard Model [6] where the lowest possible (but still too high) top mass arises for the largest possible cutoff. As can be seen from the figure, in our model we can have a viable top quark mass for values of the cut-off as low as 200 T eV and parity breaking scale about 20 T eV . This means that there is only a minimal amount of fine-tuning involved and the gauge hierarchy problem gets significantly ameliorated. If one considers different values for the top mass, the whole set of curves in Fig. 9 is slightly shifted vertically, e.g., for m t = (168 − 192) GeV [28, 29] one finds an overall range for tan β of (1.3 − 4.0).
VI Phenomenological Considerations
A detailed study of all phenomenological aspects of our model is outside the scope of the present paper. We therefore discuss here only a few major points.
In the general version of our model with non-vanishing κ ′ we were able to obtain viable top and bottom quark masses. The renormalization group fixed point analysis leads to fermion mass predictions which are less constrained than in the BHL model [6] since the fermions acquire their masses through more than one VEV. The resulting masses depend on the fixed points and on the ratio of those VEVs, in our case tan β = κ/κ ′ , which is a free parameter. The Fermilab Tevatron results for m t can be reproduced for tan β ≃1.3-4.
In the limiting case of κ ′ = 0 (tan β → ∞) one arrives at a practically unique value of m t , which turns out to be very similar to that of BHL, i.e. too high as compared to experiment.
In addition to the usual quarks and leptons, we have a neutral gauge singlet fermion S L . Its existence along with the conditions v L = 0 = σ 0 which follow from the minimization of the Higgs potential result in the tau neutrino ν τ being massless in our model. This also applies to ν e and ν µ if the model is directly generalized to include the first two generations of fermions 12 . The reason for this is that the model possesses a global
R develops a VEV this symmetry gets redefined, but since v L = σ 0 = 0, there still exists an unbroken global U(1) symmetry such that ν τ remains massless. The situation when this symmetry is spontaneously broken and the properties of the resulting Majoron were considered (within the standard elementary Higgs mechanism of symmetry breaking) in [33] .
In the limiting case κ ′ → 0 the Dirac neutrino mass term m D vanishes and there is no neutrino mixing. However, as we already mentioned, realistic fermion masses require κ, κ ′ = 0. In this case m D = 0 and one could expect interesting effects of lepton flavour violation mediated by S L [34, 35] . The reason for this is that one can in principle have quite a sizeable Dirac neutrino mass and hence mixing in the lepton sector without generating inadmissible heavy physical neutrino states (in fact, the neutrinos taking part in the usual electro-weak interactions remain exactly massless however large m D ). Another interesting effect of S L is the possibility of having CP non-conservation in the lepton sector even though the physical neutrinos are massless [36] . However, as follows from eqs. (II.7) and (V.12), due to the dynamical nature of the LR symmetry breaking, in our model m D is suppressed by a factor O(κ 2 /v 2 R ) as compared to the charged lepton mass. This means that even for a right-handed scale as low as ∼ 20 T eV the flavour violating and CP non-conservation effects in the lepton sector caused by the mixing of light and heavy neutrinos may not be observable. In this respect our dynamical model is more restrictive than the version of the same model based on the conventional Higgs mechanism [33] which allows for a large Dirac neutrino mass term m D . However, as we shall discuss shortly, there still may exist observable effects of lepton flavour violation mediated by χ L and χ R scalar boson exchanges.
We will now discuss the implications of the Higgs sector of our model. Since χ L does not mix with other Higgs multiplets, and the components of χ R are either eaten by the right-handed gauge bosons or heavy, our low energy Higgs sector is very similar to that of the two-Higgs-doublet Standard Model (2HDSM). In our case there are however very specific relations between the masses of scalars (see Sec. IV) which would be a distinctive signature for our model. Extra Higgs and gauge boson multiplets contribute to radiative corrections like e.g. in the ∆ρ parameter and so might be constrained by electro-weak precision data. The contribution of the mixing with SU(2) R gauge bosons is however negligible for v R∼ > 20 T eV [37] . So is the χ L contribution to ∆ρ; this follows from the fact that the charged and neutral components of χ L are nearly degenerate [see eqs. (IV.26) and (IV.27)]. The bi-doublet contribution to ∆ρ coincides with the Higgs boson contributions in the 2HDSM. In general it depends on the masses of the relevant scalars and two mixing angles, α and β, where β coincides with our β ≡ tan −1 (κ/κ ′ ) and α is the mixing angle of neutral CP -even Higgs bosons [38] . In our case α ≃ β, and the mass of the lightest CP -even scalar coincides with the mass of its CP -odd partner (see eq. (IV.25) and Appendix D). This reduces the Higgs boson contributions to ∆ρ to a simple expression
) is at the right-handed scale. In addition to H As mentioned, the vacuum stability conditions require the right-handed scale v R to lie above ∼ 20 T eV in our model. This is an order of magnitude more stringent than the bounds which follow from phenomenological considerations (see [26] for a recent analysis). For v R close to its lower bound one can expect φ ± 2 to be detectable at LHC whereas φ 0 2r and φ 0 2i may have a mass as small as 60 − 100 GeV which might also be accessible at LEP2.
It is interesting that the Higgs sector of our model can naturally lead to a new positive contribution to R b ≡ Γ(Z → bb)/Γ(Z → hadrons) which may be desirable in order to reconcile the experimental result R b = 0.2205 ± 0.0016 [40] with theoretical predictions. It has been shown in [41] that this can be achieved in the two-Higgs-doublet Standard Model (2HDSM) with tan β ∼ 50 and degenerate or almost degenerate neutral CP -odd and CPeven scalars with mass ∼ 50 GeV . In our case the role of these scalars is naturally played by φ Low-lying neutral scalars usually pose a problem in LR models since they can mediate strong flavour-changing neutral currents. Typical lower bounds for the masses of such scalars, which come mainly from the K L − K S mass difference, are of the order of a few T eV [26] . In the limit when the fermions of the first two generations are massless which we were studying in the present paper, there are however no flavour-changing neutral currents. The situation in a more realistic version of the model will depend very much on how the fermions of the first and the second generations acquire their masses. One possibility is a radiative mechanism induced by some horizontal interactions 13 . It has been argued recently that the smallness of the light quark masses might lead naturally to smallness of flavourviolating couplings of extra scalars to light quarks; as a result, the bounds of the masses of these scalars get significantly relaxed, and these masses may well be at the electro-weak scale [43] . Note that this does not require introducing any discrete symmetry to suppress flavour-changing neutral currents.
Light scalars can result in sizeable lepton-flavour violating decays such as µ → eγ. For example, the contribution of the one-loop diagrams with S L and charged χ L or χ R in the loop to the branching ratio BR(µ → eγ) is of the order
Assuming that the flavour-off-diagonal Y 5 couplings are of the order of the diagonal ones (i.e. ∼ 1), one finds that the contribution of eq. (VI.3) becomes comparable with the present experimental upper bound BR(µ → eγ) < 4.9 × 10 −11 for M ≃ 20 T eV which is just above the lower bound on M following from the vacuum stability condition. Contributions to BR(µ → eγ) from the loops with φ 2 become important if the masses of its components are at the electro-weak scale [44] . Thus we may have observable µ → eγ decay in our model.
In our phenomenological considerations we were mainly assuming that the right-handed scale v R is not far from its lower bound. In this case one can expect several low or intermediate scale scalars in addition to the Standard Model Higgs boson to be present in the model, and also some interesting observable effects of lepton flavour violation mediated by the singlet fermion S L and doublet Higgs scalars χ L and χ R . However, as was already mentioned in Sec. III, the right-handed scale can in principle be anywhere between ∼ 20 T eV and Λ in our model. The low values of v R would result if one requires the "minimal cancelation" in eq. (III.31). Still, an unknown dynamics leading to our low-energy 4-f interactions may prefer a higher degree of cancelation, and so the right-handed scale may be very high. In this case, unfortunately, our model will be practically untestable.
VII Discussion and Conclusions
The model we have presented here is to our knowledge the first successful attempt to break left-right symmetry dynamically. It is consistent with the currently available experimental data. A striking feature of the dynamical approach turns out to be the fact that whether or not parity can be spontaneously broken at low energies depends on the particle content of the model and not on the choice of the quartic couplings in the Higgs potential, as it is the case in the conventional approach. Our model exhibits a tumbling scenario where the breaking of parity and SU(2) R at a right handed scale µ R eventually drives the breaking of the electro-weak symmetry at a lower scale µ EW ∼ 100 GeV .
Our model has 9 input parameters (eight four-fermion couplings G 1 , ..., G 8 and the scale of new physics Λ) in terms of which we calculate 16 physical observables (5 fermion masses, 8 Higgs boson masses and 3 VEVs κ, κ ′ and v R ), so there are 16 − 9 = 7 predictions. First, the symmetry breaking is studied and the resulting predictions are derived in bubble approximation. The predictions for the fermion masses are then renormalization group improved thus including all the electro-weak and QCD corrections to one-loop order. Unlike in the minimal BHL model, the top quark is not predicted as an infrared quasi-fixed point value of the Yukawa coupling times the known electro-weak VEV. The mass formula is more complex here and in addition only the sum of squares of the bi-doublet VEV's is fixed to be κ 2 + κ ′2 ≃ (174 GeV ) 2 while tan β = κ/κ ′ is essentially a free parameter. Our model gives a viable top quark mass value for tan β ≃1. Our model is formulated in terms of attractive 4-f interactions which are allowed by the symmetries and which trigger condensation if the couplings are strong enough. Since 4-f interactions are not renormalizable in the usual sense they should be regarded as effective low energy approximations of heavy degrees of freedom which have been integrated out. One could try to generate the interactions from renormalizable gauge theories as it has been done for the case of the BHL model. This goes however beyond the scope of the present paper and will be addressed elsewhere.
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, and the number of physical parameters in L aux exactly coincides with the number of the independent 4-f couplings.
B The effective potential
At energies below the cutoff Λ the auxiliary fields will acquire gauge invariant kinetic terms, quartic interactions and mass corrections via fermion and gauge boson loops. The kinetic terms and mass renormalization can be derived from the 2-point scalar Green functions, whereas the quartic couplings are given by the 4-point functions (see Figs. 4 and 5) .
The effective Higgs potential V eff of the model can be calculated directly from Figs. 4 and 5. However, a more convenient way to calculate V eff is to consider the full one-loop Coleman-Weinberg effective potential [23] . If one substitutes the VEVs for the scalar fields and expresses the masses of all fermions and gauge bosons in terms of these VEVs, one arrives at a very simple expression for the Coleman-Weinberg potential,
where m p is the mass of the pth particle and η p is related to the number of degrees of freedom: In our calculation of V eff no contributions with Higgs bosons in the loops will be included. The reason for this is that the scalars are composite particles and their very existence is (to the leading order) the result of the one-loop effective potential or, in 4-f language, due to the infinite bubble-sum (infinite loop order) of the constituent fermions. The loops with propagating Higgs scalars therefore correspond to a mixed loop order, and due to double counting problems it is difficult to self-consistently take into account the feedback of propagating Higgs bosons into the effective potential. However, the propagating Higgs effects can be consistently incorporated in the renormalization group approach which is discussed in Sec. V.
Instead of using the full one-loop Coleman-Weinberg potential one can truncate it so as to keep the terms up to and including quartic terms in the fields, since higher order contributions are finite in the limit Λ → ∞ and so relatively unimportant. While the full Coleman-Weinberg potential of eq. (B.1) is infrared-finite, the truncated one is infrareddivergent, and so one has to introduce an infrared cutoff µ. Integrating over the momenta µ 2 ≤ k 2 ≤ Λ 2 in (B.1) is equivalent to integrating out the field degrees of freedom with high momenta and so results in an effective Lagrangian at the scale µ [6, 22, 45, 46] in the sense of Wilson's renormalization group approach. For energy scales µ lower than the masses of the particles in the loops the scale µ should be replaced by the relevant particle masses.
Using this approach one arrives at the following formula for the effective potential: 
The gauge boson masses in the LR model with a bi-doublet φ and doublets χ L and χ R are
Note that the U(1) B−L gauge coupling g 1 is different from the standard-model U(1) coupling g ′ :
where θ W is the Weinberg angle.
The procedure outlined above yields the one-loop effective potential in terms of the scalar VEVs, from which the potential in terms of the fields can be recovered. This gives
with the quartic couplings To minimize the effective potential and find the vacuum of our model we will also need the effective potential in terms of the VEVs of the scalar fields:
Here
Differentiating (B.10) with respect to the VEVs σ 0 , v R , v L , κ and κ ′ gives the extremum conditions (III.13)-(III.17) for V eff . They constitute the gap equations in our model in the auxiliary field approach. In order for an extremum of the potential to be a true minimum, the matrices of second derivatives of V eff with respect to the fields must be positive definite. These matrices are studied in Appendix D.
C Renormalization
The wave function renormalization constants of the composite scalar fields in bubble approximation can be directly obtained from the 2-point Green functions given by the diagrams of Fig. 4 . The results are presented in eqs. (IV.1)-(IV.3). To derive the physical predictions, it is convenient to absorb the Z-factors into the definitions of the scalar fields so as to bring their kinetic terms into the canonical form. This amounts to the following re-definition of the fields and the parameters of the effective Lagrangian:
D Higgs boson mass matrices
The symmetric mass matrices of the scalar fields can be found as the matrices of second derivatives of V eff with respect to the field components. We quote here the unrenormalized mass matrices; the renormalized ones can be obtained by applying the same rule as in eq. (C.3).
The mass matrix of the charged fields in the basis (φ This matrix has two zero eigenvalues corresponding to the Goldstone bosons eaten by W ± 1,2 :
The massive eigenstate of the matrix (D.48) is 
E Renormalization Group Equations
Here we present the one-loop renormalization group equations obtained in the MS-scheme for Yukawa and gauge couplings in the the general left-right symmetric model with N g generations of fermions and the Higgs sector consisting of a bi-doublet φ, two doublets χ L and χ R and a singlet σ. We assume that in addition to the usual fermions we have a gauge singlet fermion S L in each generation. The presence of the singlet scalar field σ and singlet fermions S L will only affect the renormalization group equations for the Yukawa couplings Y 5 and Y 6 .
The relevant Yukawa interactions are given in eq. (II.6). All the Yukawa couplings are matrices in generation space (we suppress the generation indices for brevity). Note that the discrete left-right symmetry requires the Yukawa matrices Y 1 . . . Y 4 and Y 6 to be hermitian. In addition, Y 6 is symmetric due to the Majorana nature of the coupling. There are no restrictions on the matrix Y 5 from symmetry arguments.
